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ABSTRACT: Perovskite/perovskite tandem solar cells have [TO 0
recently exceeded the record power conversion efficiency
(PCE) of single-junction perovskite solar cells. They are
typically built in the superstrate configuration, in which the
device is illuminated from the substrate side. This limits the
fabrication of the solar cell to transparent substrates, typically fFTQ
glass coated with a transparent conductive oxide (TCO), and

adds constraints because the first subcell that is deposited on glass ¥
the substrate must contain the wide-bandgap perovskite. 0 1 2
However, devices in the substrate configuration could
potentially be fabricated on a large variety of opaque and
inexpensive substrates, such as plastic and metal foils. Importantly, in the substrate configuration the narrow-bandgap subcell
is deposited first, which allows for more freedom in the device design. In this work, we report perovskite/perovskite tandem
solar cells fabricated in the substrate configuration. As the substrate we use TCO-coated glass on which a solution-processed
narrow-bandgap perovskite solar cell is deposited. All of the other layers are then processed using vacuum sublimation,
starting with the charge recombination layers, then the wide-bandgap perovskite subcell, and finishing with the transparent top
TCO electrode. Proof-of-concept tandem solar cells show a maximum PCE of 20%, which is still moderate compared to those
of best-in-class devices realized in the superstrate configuration yet higher than those of the corresponding single-junction
devices in the substrate configuration. As both the top and bottom electrodes are semitransparent, these devices also have the
potential to be used as bifacial tandem solar cells.

V,, = 1.94

CRL

PCE =20.1%

hin-film solar cells based on metal halide perovskites CIGS'>'® or even with organic semiconductors,'” and

I have rapidly evolved into one of the most promising perovskite/silicon,"*™>* which have demonstrated PCEs
photovoltaic (PV) technologies, reaching record approaching 30%.21%3 Perovskite/perovskite tandem solar
efficiencies for single-junction devices exceeding 25.5%." cells have recently exceeded the record PCE of single-junction
While remarkable, this value is close to the maximum perovskite solar cells,”* with reported PCEs of up to 28%,”
achievable power conversion efficiency (PCE) for a 1.5 eV and are particularly interesting because they can be prepared
bandgap semiconductor.” One way to overcome this limit is on lightweight and flexible substrates.?’ The most efficient

the development of multijunction perovskite solar cells, which
is possible thanks to the inherent bandgap tunability of metal
halide perovskites."”” Double-junction (tandem) perovskite
devices are either monolithic (or two-terminal, 2T) or employ
two individual subcells with four terminals (4T). In 4T tandem
solar cells, the wide-bandgap subcell must be semitransparent,
yet due to the trade-off in conductivity and transmission some
optical losses are inevitable. In the 2T configuration, the two
subcells are connected via a charge recombination layer
(CRL). 2T perovskite tandem cells that are being investigated
are based on perovskite/perovskite,”'* perovskite with

perovskite single-junction and perovskite/perovskite tandem
solar cells are built in the superstrate configuration, in which
the device is illuminated from the substrate side. This limits the
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Figure 1. (a) Absorbance (left, colored area) and PL (right, red line) spectra obtained under laser excitation at 688 nm for a
CsyFAy6MA, 3Pb, Sn, ;I; perovskite film. (b) XRD pattern and (c) SEM surface morphology of the same material. (d) Device structure (A
= Cs1FAg¢MA, ), (e) EQE spectrum with integrated short-circuit current density, and (f) J—V curves under simulated solar illumination
recorded in forward and reverse scan directions. Both (e) and (f) were measured by illuminating the device through the top ITO,;, contact.

fabrication of the solar cell to transparent substrates, typically
glass coated with a transparent conductive oxide (TCO).”’
Additionally, it implies that the first perovskite subcell that is
deposited on the TCO must contain the wide-bandgap
perovskite and the second subcell that is deposited on top of
the CRL must be the narrow-bandgap cell. Tandem perovskite
devices with Si or CIGS are built in the substrate configuration
using a nontransparent substrate (Si or CIGS in this case) and
a transparent top electrode, most commonly a TCO.**
Research on perovskite solar cells in the substrate config-
uration has been mainly focused on the development of near-
infrared (NIR) transparent devices for 4T tandem applica-
tions.”” However, devices in the substrate configuration could
potentially be fabricated on a large variety of opaque and
inexpensive substrates, such as plastic and metal foils, for
building integrated PVs.”"~>* Importantly, in the substrate
configuration the narrow-bandgap subcell is deposited first,
which allows for more freedom in the device design. The first
proof-of-concept all-perovskite tandem solar cell in the
substrate configuration with an efficiency of 18% was reported
by Werner et al.*® In that first example, however, details of the
device fabrication and characterization were not reported.
Here we describe in detail the fabrication and character-
ization of perovskite/perovskite tandem solar cells fabricated in
the substrate configuration. As the substrate we use TCO-
coated glass on which a solution-processed narrow-bandgap
(Sn—Pb) perovskite solar cell is deposited. All of the other
layers are then processed using vacuum sublimation, starting
with the charge recombination layers (CRLs), then the wide-
bandgap perovskite subcell, and finishing with the TCO top
electrode. Proof-of-concept tandem solar cells show a
maximum PCE of 20%, which is still moderate compared to
those of best-in-class devices realized in the superstrate
configuration yet higher than those of the reference single-
junction Sn—Pb devices in the substrate configuration (with
PCEs of up to 17.5%). As both the top and bottom electrodes
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are semitransparent, these devices could also be used as bifacial
tandem solar cells.”

Multication mixed Sn—Pb narrow-bandgap perovskite films
of nominal composition Csy;FAgsMA,PbySngsl; (MA =
methylammonium; FA formamidinium) were solution-
processed using a protocol recently reported by some of
us.”® Briefly, glass substrates coated with fluorine-doped tin
oxide (FTO) were cleaned and coated with poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS). A 1.8 M precursor solution containing Pbl,,
Snl,, Csl, FAI, and MAI prepared in 3:1 v/v N,N-
dimethylformamide/dimethyl sulfoxide was used. SnF, (10
mol % with respect to Snl,) and NH,SCN (2 mol % with
respect to the total amount of B-site precursor, Snl, + Pbl,)
were added to the perovskite precursor solution to suppress
Sn(II) oxidation and mediate the perovskite crystallization,
respectively. Glycine hydrochloride (GlyHCI) (2 mol % with
respect to the total amount of B-site precursor) was added to
the precursor solution to modify the bottom interface, while
for top interface modification a solution of ethylenediammo-
nium jodide (EDAL) in 1:1 v/v isopropanol/toluene was spin-
coated on the top of the perovskite films. The as-prepared Sn—
Pb films have an optical absorption onset at approximately
1000 nm (Figure 1a) and a photoluminescence (PL) peak
centered at 984 nm, corresponding to an optical bandgap
energy (Eg) of 1.26 V. The X-ray diffraction (XRD) pattern
obtained for the Sn—Pb perovskite films (Figure 1b) shows the
expected perovskite pattern, with reflections at 26 values of
14.2°, 20.1°, 24.6°, 28.4°, 31.9°, 35.0°, 40.7°, and 43.2°
corresponding to the (100), (110), (111), (200), (210), (211),
(220), and (300) planes, respectively.”> No unreacted Pbl,
could be observed, as the reflection at 260 = 12.7° is absent.
The surface morphology as observed by scanning electron
microscopy (SEM) (Figure 1c) shows large grains (diameters
between 0.5 and 1.0 um) arranged in a compact fashion
without visible voids or superstructures.
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Figure 2. (a) Absorbance (left, colored area) and PL (right, blue line) spectra obtained under laser excitation at 522 nm for a
MAPD (I, 4sBr,5); perovskite film. (b) XRD pattern and (c) SEM surface morphology of the same material. (d) Device structure, (e¢) EQE
spectrum with integrated short-circuit current, and (f) J—V curves under simulated solar illumination recorded in the forward and reverse
scan directions. Both (e) and (f) were measured by illuminating the device through the top ITOp,, contact.

We prepared solar cells in the substrate configuration shown
in Figure 1d using the Csy;FAy¢MA(3PbgSngsl; perovskite
film. Glass/FTO/PEDOT:PSS/perovskite samples were
coated with Cg, fullerene (20 nm) and shipped from Kyoto
to Valencia in a vacuum-sealed transport chamber (typical
shipping time 3—4 days) that was opened in a nitrogen-filled
glovebox. Bathocuproine (BCP) (7 nm) was sublimed in a
vacuum chamber integrated into the glovebox. Indium tin
oxide (ITO) was directly deposited by pulsed laser deposition
(PLD) (ITOpp) on top of the BCP layer through a shadow
mask using a low-damage protocol recently developed by some
of us.*® To ensure maximum current collection and minimize
resistance losses, thin (100 nm) silver grid lines were vacuum-
deposited on the sides of the PLD;;o contacts (details are
provided in the Supporting Information). The solar cells were
encapsulated with a 20 nm thick AL,O; film deposited by
atomic layer deposition (ALD).>” All of the device character-
ization was carried out by illuminating the solar cells through
the ITOpp in the substrate configuration. The external
quantum efficiency (EQE) spectrum of the Sn—Pb perovskite
solar cells (Figure le) shows a cutoff at approximately 1000
nm and increases to >0.8 at 700 nm. The EQE minimum in
the UV—visible part of the spectrum (400—600 nm) is a
consequence of the optical absorption of the fullerene, which is
used as the electron transport layer (ETL). From the first-
order derivative of the EQE spectrum (Figure S1), we
estimated an E, value of 1.28 eV, similar to what was observed
by PL. The integrated current density (26.9 mA/cm?) agrees
well with the short-circuit current density (J,.) measured with
current density versus voltage (J—V) scans under simulated
solar illumination (Figure 1f). Statistics of the characteristic PV
parameters are reported in Figure S2. We observed hysteresis
between J—V curves collected in the forward (fwd, from short-
to open-circuit) and reverse (rev, from open- to short-circuit)
bias directions. The open-circuit voltage (V,.) and J,. were
found to improve only marginally from 0.82 to 0.83 V and 27.2
to 27.6 mA/cm? respectively, when the bias direction was
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changed from forward to reverse. The main difference was
found in the fill factor (FF), which increased on average from
67.5% to 74.9% for scanning in the forward and reverse bias
directions, respectively. This results in average PCEs of 15.1%
and 17.2% estimated from the forward and reverse J—V scans,
respectively. We noticed that the performance of the device is
lower when it is measured through the top ITO compared to
measurements with illumination through the substrate side
(Figure S3). This difference is likely related to the presence of
the absorbing Cg, as the main limiting parameter is J,. (from
the glass side it is as high as 29 mA/cm?). The record
semitransparent pixel measured through the top ITO delivered
a PCE of 17.7% in the reverse scan.

We then prepared vacuum-deposited wide-bandgap perov-
skites of the type MAPb (I, 4sBry ;5); by three-source deposition
from MAI, Pbl,, and PbBr, following a previously reported
protocol.>® The as-prepared MAPb(I,4sBry ;)5 films show an
optical absorption onset at approximately 740 nm (Figure 2a;
the sub-bandgap band is due to interference and not to optical
absorption by the perovskite—see Figure S4 for the full
spectrum) and a PL peak centered at 740 nm, corresponding
to an optical E, of 1.68 eV. The XRD pattern of the wide-
bandgap perovskite films is compatible with a cubic perovskite
(Figure 2b) with some residual Pbl,, as indicated from the
reflection at 20 = 12.7°. The signal-to-noise ratio of the XRD
pattern was found to be rather low, which might be related to
the low crystallinity of the films as observed by SEM (Figure
2¢), which shows small and randomly oriented grains with a
compact surface morphology.

We prepared solar cells in the substrate configuration
depicted in Figure 2d. The device structure is ITO/TaTm:F-
TCNNQ_ (25 nm)/TaTm (10 nm)/MAPb(I,gsBry;s); (450
nm)/Cg (25 nm)/BCP (8 nm)/ITOpp, where TaTm is
N4,N4,N4",N4"-tetrakis([1,1’-biphenyl]-4-yl)-[1,1":4',1" -ter-
phenyl]-4,4”-diamine) and F-TCNNQ is 2,2'-(perfluoronaph-
thalene-2,6-diylidene)dimalononitrile. The notation TaTm:F-
TCNNQ indicates that the two materials are cosublimed (F-
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refers to TaTm cosublimed with the p-dopant F&-TCNNQ. (b) SEM cross-section of the full tandem device (scale bar is 1 ym). (c) J-V
curves under simulated solar illumination recorded in the forward and reverse scan directions. (d) EQE spectra of the tandem device with
integrated short-circuit currents for both subcells. The EQE spectra of the two subcells are reported together with their sum. (c) and (d)
were measured by illuminating the device through the top ITOp;, contact.

TCNNQ at 10 wt %) in order to increase the conductivity of
the film, which is used as the hole injection layer (HIL).>” The
solar cells were encapsulated with an ALD Al,O; coating and
measured by illuminating through the top ITOpp in the
substrate configuration. The EQE spectrum of the MAPb-
(Tp.85Bro.s); perovskite solar cells (Figure 2e) shows a cutoff at
approximately 750 nm and increases to 0.75 at 560 nm. Again,
the EQE minimum in the 400—500 nm range is a consequence
of the optical absorption of the fullerene ETL. From the first-
order derivative of the EQE (Figure S5), we estimated an E,
value of 1.69 eV, similar to what was observed by PL. The
integrated current density (14.94 mA/cm®) agrees well with
the J,. measured with the J—V scans under simulated solar
illumination (Figure 2f). The J—V scans showed virtually no
hysteresis between the forward and reverse scans, which
suggests that ion migration and/or interface recombination are
suppressed in these perovskite solar cells.*”*" On average, the
Jo Voo and FF were found to be 14.8 + 0.4 mA/cm?, 1.17 +
0.01 V, and 73.2 + 1.0, respectively, resulting in a PCE of 12.6
+ 0.1%. These parameters agree with previous reports on
similar vacuum-deposited solar cells, apart from the ], value,
which is lower due to incomplete absorption by the perovskite
stack.”® The lower photocurrent is a consequence of the
reduced perovskite thickness, which was selected on purpose
to target roughly half of the current density produced by the
Sn—Pb solar cells (28—29 mA/cm?) in order to achieve
current matching in the tandem configuration. It should be
noted that this is a first rough estimation. One should choose a
top cell thickness so that it delivers the same current density as
the bottom cell, when the latter is filtered by the very same top
cell. We also measured the same cells by illuminating them
through the glass side (Figure S6). In this case, we found the
performance and in particular the current density to be
independent of the illumination side, in contrast with what was
observed for the narrow-band solar cells (Figure S3). This
behavior might arise from different light incoupling through
the bottom substrate that compensates for the parasitic
absorption of the fullerene when the sample is illuminated
from the top ITO electrode.
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2T tandem devices in the substrate configuration were
prepared following the structure reported in Figure 3a. The
narrow-bandgap Sn—Pb perovskite subcells were fabricated up
to the C4y ETL (without top electrode) in Kyoto as described
above and shipped to Valencia for the tandem fabrication and
characterization. We used a previously developed CRL based
on doped and intrinsic organic semiconductors."”** The CRL
consists of a junction between an n-doped Cg, layer and a p-
doped TaTm film (both 25 nm thick). Doping of C4 was
attained by cosublimation with N1,N4-bis(tri-p-
tolylphosphoranylidene)benzene-1,4-diamine (PhIm) at 40
wt %. A 10 nm thick TaTm film was then used to reduce
charge recombination, and the top wide-bandgap subcell was
deposited as described above. As can be seen from Figure 3b,
the vacuum-deposited organic CRL (Cgy/n-Cgy/p-TaTm/
TaTm) and the top wide-bandgap perovskite cell are
conformally coated on the somewhat rough surface of the
bottom Sn—Pb perovskite solar cell. The thicknesses of the
perovskite layers were approximately 850 and 450 nm for the
Sn—Pb and wide-bandgap subcells, respectively, as observed by
SEM (details are provided in Figure S7). From the SEM
results, the difference in the morphologies of the two
perovskites can also be appreciated. The bottom Sn—Pb
perovskite appears to be highly homogeneous and crystalline,
while the top MAPb(I,4Bry,s); layer seems to be more
disordered and formed by a compact array of small grains. The
J—V curves under illumination for the record solar cell
measured in this work (average values are given in Figure SS)
showed only a small hysteresis between the forward and
reverse bias scans, mainly in the FF (74.3% and 76.2% in the
forward and reverse bias directions, respectively). In reverse
bias, we measured a PCE of 20.1% for the tandem solar cell in
the substrate configuration, which is 2.5% absolute points
higher compared to the semitransparent Sn—Pb single-junction
solar cell measured in the substrate configuration.

The V. of the solar cells was measured to be 1.94 V, which
is close the expected value of approximately 2.0 V given by the
sum of the average V. values of the two subcells (1.17 and
0.83 V). The photocurrent of the tandem solar cells was found
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to be close to the expected value (half of the average J. of the
Sn—Pb perovskite cell, 27.5 mA/cm?; Figure S2a), with a
maximum J. of 13.6 mA/cm® When measuring the EQEs of
the subcells constituting the tandem devices, we found the
narrow-bandgap Sn—Pb subcell to be limiting the tandem
performance. The corresponding integrated current density is
only 12.36 mA/cm? whereas the wide-bandgap solar cell can
deliver 14.98 mA/cm? The lower integrated current density
measured for the Sn—Pb perovskite compared to the tandem
solar cell might be associated with some degree of shunts in the
same subcells and by an uncorrected mismatch factor among
the two subcells.** The initial shelf life device stability was
evaluated for samples stored in the dark under a nitrogen
atmosphere. After 120 h, the PCE was found to drop only
marginally to an average value of 19.5% (Figure S9), which is
promising considering the nature and complexity of these
devices.

In summary, we show proof-of-concept all-perovskite 2T
tandem cells in the substrate configuration. The devices are
fabricated using a solution-processed narrow-bandgap
Cso.1FA)¢MA, 3Pb( sSnj ;15 perovskite in the bottom cell and
a vacuum-deposited wide-bandgap MAPb(I,4;Bry;5); perov-
skite in the top cell. All of the transport layers as well as the
charge recombination layers are prepared by vacuum
deposition using a combination of intrinsic and doped organic
semiconductors. The top transparent electrode (indium tin
oxide) is directly deposited onto the thin organic transport
layers without the use of a metal oxide buffer thanks to the use
of a previously developed soft pulsed laser deposition process.
Tandem cells are prepared and characterized in the substrate
configuration, obtaining promising efficiencies of up to 20%,
surpassing the efficiency of the corresponding single-junction
devices also measured in the substrate configuration. As both
electrodes are semitransparent, these devices can also be
operated as bifacial cells. We are working on a measurement
setup to analyze and optimize these tandem solar cells in the
bifacial configuration in future work.
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